Abstract The PVC superphylum consists of the core phyla Planctomycetes, Verrucomicrobia and Chlamydiae, together with additional ones. Historically, the cell plan of PVC bacteria has been interpreted as an 'exception' to the classical Gram-negative (Gneg) one (Fuerst Antonie van Leeuwenhoek 104: [451][452][453][454][455][456][457][458][459][460][461][462][463][464][465][466] 2013). However recent genomic and electron-microscopy data have argued against this exceptional status and suggested the need for a reinterpretation of the data in a more classical framework. In this perspective, I evaluate the arguments that have recently been presented by Fuerst as supporting the PVC cell plan as an 'exception' and present an alternative interpretation that is based on proposed evolutionary events that may have shaped the PVC genomes and proteomes. This interpretation supports the alternative proposal that the PVC cell plan is derived from a Gneg one.
Introduction
Others and I have proposed elsewhere (Devos 2013; Lage et al. 2013; Speth et al. 2012; Strous et al. 2006) that the Planctomycete-Verrumicrobia-Chlamydia (PVC) cell plan is derived from a double membrane diderm Gram-negative (Gneg) one (Sutcliffe 2010) instead of the historical proposal of an 'exceptional' cell plan (reviewed in (Fuerst and Sagulenko 2011) ). In this 'exceptional' status, the outermost membrane is instead considered to be equivalent to the cytoplasmic membrane, while the inner-membrane (IM) and its invaginations are referred to as the intra-cytoplasmic membrane (ICM). The exceptional cell plan is also characterised by the lack of a typical bacterial periplasm located between the IM and the outer membrane (OM), due to the lack of the latter. In a recent contribution in Antonie van Leeuwenhoek, John Fuerst presented a necessary overview of the PVC superphylum (Fuerst 2013) . I thank Prof. Fuerst very much for his excellent introduction to the PVC superphylum as well as for the historical perspective presented. This is both timely and comprehensive and I fully agree with much of the content in Prof. Fuerst's review. However, in his review, Prof. Fuerst presents a section entitled ''Argument 1-the planctomycete [ICM] is not a cytoplasmic membrane, and the paryphoplasm is not a periplasm (and thus comprises a genuine intracellular compartment unique among bacteria)'' (Fuerst 2013) . Five points are raised within 'Argument 1' and I do NOT agree with this section. Indeed, I would argue that this title in itself is not correct: what is presented as the ICM is indeed a cytoplasmic membrane, the IM, and what is called the paryphoplasm is in fact a periplasm externally bounded by the OM and equivalent to the one of Gneg bacteria. Consequently, I present here an alternative interpretation of the arguments from this section of Fuerst (2013) which supports instead the Gneg based description of the PVC cell plan. I believe that the published argumentation fails to reconsider previous data in the light of recent information, specifically with respect to evolutionary events that are now proposed to have shaped the PVC genomes. Here I propose an alternative interpretation to those observations that is based upon this alternative evolutionary model. These arguments reinforce the hypothesis that PVC bacteria are derived from a diderm (Gneg) bacterial ancestor. As such they complement the evidence supporting this proposal that has been presented elsewhere (Devos 2013) . PVC bacteria are exceptional in many aspects, including membrane organisation, complexity and dynamics but the data can be interpreted in an evolutionary framework in which these bacteria are viewed as being derived from a Gneg ancestor rather than having a distinct origin.
The first argument presented as supporting the planctomycetes exception is that ''in planctomycetes […] an outermost membrane layer can be seen just under the cell wall [(CW)] via [transmission electron microscopy (TEM)]…. exactly as is expected for the position of a classical cytoplasmic membrane of either a [Gneg] or a Gram-positive bacterium in relation to the wall'' (Fuerst 2013) . This is a problem deriving from the difficulty in assignment of membrane identity based on EM visualization only. Indeed, an OM layer can be observed. However, it is not located ''just under the CW'', or at least not under a classical CW. In this and other publications, the author is confusing the peptidoglycan (PG) based CW with an outer protein layer, perhaps similar to an S-layer. Admittedly, there is no clear consensus on how to discriminate CW from protein layers in the EM literature. A classical bacterial CW is mainly composed of PG. In archaea and some bacteria (both monoderm and diderm) an additional S-layer is located as the outermost layer of the cell and is formed almost exclusively of proteins (Engelhardt 2007; Sleytr and Beveridge 1999; Š marda et al. 2002) . In order to avoid confusion, I will refer hereafter to the PG as the CW, while the external proteinaceous layer will be refered to as the outer protein layer. In planctomycetes, we know that the capability for both PG and lipopolysaccharides (LPS) have been lost because the protein coding clusters show signs of degradation in the planctomycete genomes (Jogler et al. 2012; Pilhofer et al. 2008; Speth et al. 2012; Sutcliffe 2010 ) . The sheer sizes of those clusters of genes render an origin through lateral gene transfer unlikely. For example, the anammox genome still encodes 19 out of the 21 genes required for PG biosynthesis (Strous et al. 2006 ). In addition, the loss of the LPS has been associated in planctomycetes with the gain of a outer protein layer, similar to, but not evolutionary related to, the archaeal S-layer, possibly substituting for structural functions of the PG (König et al. 1984; Liesack et al. 1986; Stackebrandt et al. 1986; van Teeseling et al. 2013 ). Thus, in planctomycetes, the electron-dense PG CW has disappeared above the IM, while a new electron-dense outer protein layer has appeared external to the OM (Fig. 1) . Hence, imaged by TEM, in planctomycetes, it is the outer-most membrane, the OM, that will be observed as a lipid bilayer associated with a thin electron-dense layer, while the IM will appear as a lipid bilayer not associated to any particular layer (Fig. 1) . The two electron dense layers are not equivalent: that in Gneg is the PG CW, whereas that in the planctomycete cell envelope is mainly formed by proteins. This difference cannot be observed by imaging only, with the consequence that the identity of the associated membranes has been wrongly inferred. The historical interpretation of the planctomycetes cell plan is mainly due to this underlying difficulty in membrane identification. This is understandable since the original interpretation was published before genomic data became available. However, new evidence has repeatedly heralded the need for a new interpretation (Devos 2013; Jogler et al. 2012; Pilhofer et al. 2008; Speth et al. 2012; Strous et al. 2006; Sutcliffe 2010) . This is not a problem of membrane visualization as suggested in 'argument 1' of Fuerst (2013) : ''The planctomycete internal ICM appears completely separate from this outermost cytoplasmic membrane closely apposed to CW. Because the cytoplasmic membrane is closely apposed to the wall, it is difficult to visualize in sectioned cells''. Instead I argue that it is a problem of mistaken CW and membrane identity assignment.
Fuerst also states that ''RNA, […], appears to be present in the paryphoplasm of [four planctomycetes species] consistent with its cytoplasmic rather than periplasmic nature'' (Fuerst 2013) . I have argued elsewhere against this argument, mainly because it is not yet proven that RNA cannot be present in the periplasm and because the data are unconvincing, the number of observations is low and background is visible (Devos 2013 ). In addition, I note that in more than a decade since the original observations (Lindsay et al. 1997 (Lindsay et al. , 2001 , no confirmation or extension of this observation to other PVC members has been published.
Thirdly in 'Argument 1' Fuerst comments about the phenotypic reactions of bacterial versus Gemmata obscuriglobus membranes under particular conditions of fixation (Fuerst 2013) . Here again, I believe that the argument presented is best explained by the alternative evolutionary events proposed to have happened in planctomycete bacteria and referred to above, namely loss of both the PG CW and LPS, associated with the gain of an outer protein layer, that have most likely been accompanied by a change of reactivity of the associated membranes and thus gave rise to the ensuing phenotype.
Also in 'Argument 1', Fuerst states that during ''endocytosis-like uptake of protein by G. obscuriglobus, the OM associated with the wall forms vesicles entering the paryphoplasm and containing the incorporated protein, consistent with this membrane comprising the cytoplasmic membrane and analogous with the role of that membrane in eukaryotes. The ICM is not involved with uptake'' (Fuerst 2013) . This argument is unsustainable since it is intrinsically obvious that in order to internalize external compounds, the internalization vesicles have to be derived from the outermost membrane. Those membranes happen to be the OM in G. obscuriglobus and the cytoplasmic membrane in eukaryotes. But by no means does this mean that the two membranes are equivalent. It is equivalent to saying that the trunk of a tree and the skin of a metazoan are homologous because they are both surrounding the organism.
Lastly in 'Argument 1 ' Fuerst (2013) presents his interpretation of the potentially energised character of the OM in the anammox (van Niftrik et al. 2010) . Again, I have argued elsewhere against this argument as labelling of ATPase is observed on all membranes and is thus inconclusive (Devos 2013) . The presented argument is not convincing and the data still has to be confirmed in a more definitive way and extended to other planctomycetes. In fact, nuclear magnetic resonance spectroscopy experiments suggest that the proton motive force is present on the IM, not on the OM (van der Star et al. 2010) . Although admittedly, this is not conclusive neither.
In addition to the above specific points raised in 'Argument 1' of Fuerst (2013) there is also the argument over the apparent presence of a closed double membrane structure surrounding the genomic material in the planctomycete G. obscuriglobus (Fuerst 2013) . However, no convincing data of the existence of such a compartment being closed in three dimensions has been presented, while this argument has been convincingly rejected by recent three-dimensional high-definition reconstructions of complete G. obscuriglobus cells (Santarella-Mellwig et al. 2013 ). The (-) , respectively. The OM is on top, the IM below, defining the periplasm in between both, the cytoplasm is below, outside is above observation of a 'nucleus-like' membraneous structure is most likely due the careful selection of the few images containing a misleading angle of observation in a complex membrane organization (Devos 2013) .
Thus, I believe that none of the arguments presented in Fuerst (2013) for an 'exceptional' cell plan are convincing and fail to re-evaluate old data in light of recent evidence. Interpreted in an evolutionary framework, the presented arguments in fact support a Gneg ancestry for the PVC cell plan, thereby refuting the conclusion drawn in the title of 'Argument 2' of Fuerst (2013) . PVC bacteria can be proposed to be derived from Gneg bacteria with an OM and an IM separated by a periplasm, and the planctomycete internal membranes are considered invaginations of the cytoplasmic, IM (Devos 2013) . PVC membrane organization is indeed unique for bacteria but they are variation of, not exception to, the diderm (Gneg) cell plan (Devos 2013) .
